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Exercise at
Medium and

High Altitude

C h a p t e r  O b j e c t i v e s
• Outline the effects of increasingly higher altitudes on

(1) partial pressure of oxygen in ambient air, (2) oxy-
gen saturation of hemoglobin in pulmonary capillar-
ies, and (3) V• O2max

• Describe and quantify the oxygen transport cascade
at sea level and at 4300 m

• Discuss immediate and longer-term physiologic ad-
justments to altitude exposure

• Give symptoms, possible causes, and treatment for
acute mountain sickness, high-altitude pulmonary
edema, and high-altitude cerebral edema

• Describe the “lactate paradox” and possible causes
for its occurrence

• Summarize factors that affect the time course for al-
titude acclimatization

• Graph the relation between the decrease in V• O2max

(% sea-level value) with increasing altitude or simu-
lated altitude exposure

• Discuss alterations in circulatory function that offset
the benefits of altitude acclimatization on oxygen
transport capacity

• Discuss whether altitude training produces greater
improvement than sea-level training on sea-level ex-
ercise performance

• Describe the training concept “living high, training
low”
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CHAPTER 24 • Exercise at Medium and High Altitude 603

More than 40 million people live, work, and recreate at ter-
restrial elevations between 3048 m (10,000 ft) and 5486 m
(18,000 ft) above sea level. In terms of the earth’s topography,
these elevations encompass the range generally considered
high altitude. High-altitude natives inhabit permanent settle-
ments as high as 5486 m in the Andes and Himalayas. How-
ever, prolonged exposure of an unacclimatized person to this
altitude can cause death from the ambient air’s subnormal
oxygen pressure (hypoxia), even if the person remains inac-
tive. The physiologic challenge of even medium altitude be-
comes readily apparent during physical activity. In the United
States, close to 1 million people a year ascend Pikes Peak,
Colorado (4300 m) by train, car, or railroad, and thousands of
others do so by climbing, cycling, and even running. Millions
more throughout the world ascend to high altitudes for moun-
taineering, trekking, tourism, business, and scientific and mil-
itary excursions. Whatever the purpose, many newcomers to
altitude do not take sufficient time to acclimatize to the phys-
iologic challenge of the reduced partial pressure of oxygen
(PO2) in ambient air.

THE STRESS OF ALTITUDE 
Altitude’s challenge comes directly from the decreased ambi-
ent PO2, not from the reduced total barometric pressure per se
or any change in the relative concentrations (percentages) of
gases in inspired (ambient) air. Figure 24.1 illustrates the
barometric pressure, the pressures of the respired gases, and
the percentage saturation of hemoglobin at various terrestrial
elevations. Figure 24.2 shows changes that occur in oxygen
availability (reflected by PO2) in ambient air, alveolar air, and
arterial and mixed-venous blood as one ascends from sea
level to Pikes Peak. The progressive change in the environ-
ment’s oxygen pressure and in various body areas is termed
the oxygen transport cascade.

Air density decreases progressively as one ascends
above sea level. For example, the barometric pressure at sea
level averages 760 mm Hg, and at 3048 m the barometer
reads 510 mm Hg; at an elevation of 5486 m, the pressure of
a column of air at the earth’s surface equals about one-half its
pressure at sea level. Although dry ambient air at sea level and
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FIGURE 24.1 • Changes in environmental and physiologic variables with progressive elevations in altitude (PaO2, partial pressure of arterial oxy-
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altitude contains 20.93% oxygen, the PO2 (density of the oxy-
gen molecules) of air decreases directly with the fall in baro-
metric pressure upon ascending to higher elevations (PO2 �
0.2093� barometric pressure). Thus, ambient PO2 at sea
level averages about 150 mm Hg, but only 107 mm Hg at
3048 m. At the summit of Mt. Everest (8848 m; 29,028 ft)
ambient air pressure on a day climbers usually ascend to the
summit ranges between 251 and 253 mm Hg, with a con-
comitant alveolar PO2 of about 25 mm Hg (ambient air PO2 be-
tween 42 and 43 mm Hg).104 This equals only about 30% of
the oxygen available in air at sea level. The reduction in PO2,
and accompanying arterial hypoxia, precipitates the immedi-
ate physiologic adjustments to altitude and longer-term ac-
climatization. Acclimatization refers to adaptations produced
by a change in the natural environment, whether a change in
season or place or residence. In contrast, acclimation refers
to adaptation produced in a controlled laboratory environment
as in chambers that can simulate high altitude or micrograv-
ity, hypoxic environments, and extremes of thermal stress.

Oxygen Loading at Altitude 
The oxyhemoglobin dissociation curve is S-shaped (see
Chapter 13, Fig. 13.3), and only a small change occurs in he-
moglobin’s percentage saturation with oxygen until an alti-
tude of about 3048 m. At 1981 m (6500 ft), for example, alve-
olar PO2 decreases from its sea level value of 100 mm Hg to
78 mm Hg, yet hemoglobin remains 90% saturated with oxy-

gen. This relatively small arterial desaturation exerts little ef-
fect on a person during rest or even mild exercise, but perfor-
mance in vigorous aerobic activities deteriorates. The rela-
tively poor performances of men and women in middle-
distance and distance running and swimming during the 1968
Olympics in Mexico City (altitude 2300 m; 7546 ft) resulted
from the small reduction in oxygen transport at this altitude.18

No world records emerged in events lasting longer than 2.5
minutes. Altitude does not impair the short-term anaerobic
energy system at moderate altitude (e.g., glycogen storage,
pathways of glycolysis and corresponding phosphorylase and
phosphofructokinase enzyme activity, although maximal lac-
tate accumulation becomes depressed at extreme elevation
[see page 612]) or success in sprint–power activities such as
sprint running, speed skating, track cycling, jumping, and dis-
cus.27,30 However, impaired performance has been reported
for reported for repeated interval sets of short-term power
output (15-s training intervals) in elite athletes.12 Performance
in single bouts of such activities often improves because of
lower air density (air resistance or drag force) at altitude than
at sea level. In addition the lessened air resistance from a 24%
reduction in air density at 2300 m should improve perfor-
mance in the shot put (�6 cm), hammer throw (�53 cm), and
javelin (�162 cm).22 The oxygen cost for stationary cycling
remains unaltered during altitude exposure.

In the transition from moderate altitude to higher eleva-
tions, values for alveolar (arterial) PO2 are on the steep part of
the oxyhemoglobin dissociation curve. This dramatically re-
duces hemoglobin oxygenation and oxygen transport capacity
and negatively affects even mild aerobic activities. At high el-
evations in the Andes and Himalayas, oxygen loading of he-
moglobin decreases dramatically, and physical activity be-
comes difficult to sustain. A small change in inspired PO2 (i.e.,
barometric pressure) greatly affects aerobic capacity at the
summit of Mt. Everest. For well-acclimatized mountain
climbers, for example, breathing ambient air with a PO2 of
48.5 mm Hg produces a V

•
O2max of 1450 mL� min�1. This de-

clines to 1070 mL� min�1 with only a 6–mm Hg decrease in
inspired PO2–a decrease of 63 mL O2 � min�1 in V

•
O2max for

each 1 mm Hg drop in inspired PO2.103,104

Sudden exposure to 4300 m, for example, causes a
32% reduction in aerobic capacity compared with sea-level
values.110At altitudes above 5182 m (17,000 ft), permanent
living becomes nearly impossible, and mountain climbing
frequently requires the aid of hyperoxic breathing mix-
tures.74 At 5486 m (18,000 ft), arterial PO2 averages 38 mm
Hg and hemoglobin maintains only 73% oxygen satura-
tion. Amazingly, however, reports describe acclimatized
mountaineers who lived for weeks at 6706 m (22,000 ft)
breathing only ambient air.42 In fact, members of two
Swiss expeditions to Mt. Everest remained at the summit
for 2 hours without using breathing equipment!73 This rep-
resents an impressive feat considering that arterial PO2 av-
erages only 25 mm Hg, with a corresponding arterial blood
oxygen saturation of 58%. An unacclimatized person be-
comes unconscious within 30 seconds under these condi-
tions.106 For acclimatized men at simulated extreme alti-
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CHAPTER 24 • Exercise at Medium and High Altitude 605

tudes that approach the summit of Mt. Everest, V
•
O2max 

decreases by 70% from 4.13 L� min�1 to 1.17 L� min�1,
or from 49.1 mL� kg�1 � min�1 to 15.3 mL� kg�1 �
min�1.34 These low values reflect the sea-level aerobic ca-
pacity of a sedentary 80-year-old man. Despite the signifi-
cant physiologic strain imposed by high altitude, moun-
taineer Tom Whittaker, age 50, became the first amputee to
reach Mt. Everest’s summit (third attempt) on May 27,
1998. Although remarkable performances at high altitude
reflect exceptions and not the rule, they demonstrate the

enormous adaptive capability of humans to survive and
even work without external support at extreme terrestrial
elevations (see “Focus on Research”).

INTEGRATIVE QUESTION

Respond to this question: “If altitude has such neg-
ative effects on the body, how come certain track
and field records are broken during competition at
higher elevations?”

Pugh LGCE, et al. Muscular exercise at great altitudes. J

Appl Physiol 1964;19:431.

➤ Since the first ascent of Mt. Everest (8848 m; 29,028 ft)
in 1953 by Sir Edmund Hillary and Tenzig Norgay, scientists
have studied relationships between terrestrial elevation, par-
tial pressure of oxygen in ambient air, arterial hemoglobin
oxygen loading, and cardiovascular function to explain re-
duced exercise capacity at altitude. Early experiments at
high altitude posed enormous scientific challenges owing to
equipment limitations and lack of trained personnel with
mountaineering experience. The experiments, carried out by
the Himalayan Scientific and Mountaineering Expedition of
1960–1961 (sponsored by the publishers of World Book En-
cyclopedia, Chicago, IL, and the Medical Research Council,
London, England), represent “classic” experiments in envi-
ronmental physiology. Discoveries from this legendary sci-
entific expedition provided the underpinnings to current un-
derstanding about physical work at high altitude. The
research by L. G. C. E. Pugh and coworkers was part of the
first series of studies to demonstrate that lung diffusion ca-
pacity, cardiac output, and the oxygen cost of extreme pul-
monary ventilation limit exercise capacity at altitudes above
5800 m (19,000 ft).

The researchers used bicycle ergometer exercise to as-
sess physical working capacity at sea level and at altitudes
ranging from 4650 m to 7440 m (barometric pressure of 
440 to 300 mm Hg). They established a base station at 4650
m but used a prefabricated laboratory hut at 5800 m (baro-
metric pressure of 380 mm Hg) to conduct most of the 
research.

Subjects included eight men—six experienced moun-
taineers and one “sportsman,” all acclimatized to high alti-
tude, and one high-altitude Sherpa guide. The scientists with
the Himalayan Scientific Expedition were five of the seven
“lowland” subjects. The Sherpa guide carried the bicycle er-
gometer (20 kg) to the laboratory hut. Subjects pedaled at 
50 RPM, with expired air collected by the Douglas bag
method. A dry-gas meter measured expired air volumes
with respiratory gas concentrations analyzed with a Lloyd-
Haldane chemical analyzer. The exercise protocol (preceded
by a 10-min warm-up) included 6 minutes of exercise (12
min at sea level) starting at 300 kg-m � min�1 with incre-
ments of 300 kg-m � min�1. The test terminated when the

subject would not exercise for at least 2 minutes at a given
intensity. Oxygen consumption, pulmonary ventilation, heart
rate, respiratory exchange ratio, and venous blood samples
(not secured from all subjects) were obtained during the last
2 minutes at each exercise level.

Figure 1 presents the researchers’ original plot of V• O2max

in relation to terrestrial elevation. Clearly, V• O2max decreased
from sea level upward and declined steeply above 6000 m,
to reach an average of 1.42 L � min�1 at 7440 m.

Focus on Research
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High Altitude: A Hostile Environment
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606 SECTION 5 • Exercise Performance and Environmental Stress

exercise ventilation. Heart rates remained elevated during
submaximal exercise at altitude. 

Figure 3 shows a tendency for a higher respiratory ex-
change ratio (R) at all exercise levels at 5800 m than at sea
level. At V• O2s above 2.0 L � min�1, R increased nearly vertically,
a response consistent with the extreme hyperventilation at
high altitude. Altitude exposure increased exercise blood lac-
tate (not shown), which also contributed to exercise hyper-
ventilation. Finally, comparisons of data for the Sherpa guide
with those of the other subjects showed his superior work ca-
pacity, attributable to economy of ventilation with preservation
of a normal blood pH and maintenance of a relatively higher ar-
terial PO2. The guide also maintained a high pulmonary diffus-
ing capacity for oxygen and a high cardiac output relative to
work intensity (measured in a separate experiment). 

These pioneering studies demonstrated physiologic
links to exercise limitations at high altitude and formed the
foundation for expanding knowledge of human physical
working capacity at extreme terrestrial elevations.

Focus on Research
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Figure 2 shows pulmonary ventilation (STPD and BTPS)
and heart rate in response to V• O2 during exercise at different
altitudes. The curves for pulmonary ventilation shift to the
left and increase in slope during exercise at higher eleva-
tions, with submaximal effort requiring the greatest ventila-
tion at the highest altitude. This altitude-related hyperventi-
lation reflects the experience of mountain climbers at great
altitude; any slight increase in mountain slope or snow con-
ditions brings them to a halt with breathlessness. Only the
highest altitude produced apparent impairment of maximum

High Altitude: A Hostile Environment
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ACCLIMATIZATION 
During the many years that mountaineers attempted to climb
the world’s highest peaks, they knew that it required weeks to
adjust to successively higher elevations. The term altitude ac-
climatization broadly describes adaptive responses in physi-
ology and metabolism that improve tolerance to altitude hy-
poxia. Each adjustment to a higher elevation proceeds
progressively, and full acclimatization requires time. Success-
ful adjustment to medium altitude affords only partial adjust-
ment to a higher elevation. Residents of moderate altitudes,
however, do show less decrement in physiologic capacity and
exercise performance than lowlanders when both groups
travel to a higher altitude.63

Table 24.1 indicates that compensatory responses to alti-
tude occur almost immediately, while other adaptations take
weeks or even months. The rapidity of the body’s response re-
mains largely altitude dependent, although considerable indi-
vidual variability exists for both the rate and success of ac-
climatization.71,75 A person can retain many of the beneficial
submaximal exercise responses associated with 16 days of ac-
climatization at 4300 m despite intermittent sojourns to sea
level for up to 8 days.8 This suggests that certain aspects of
acclimatization regress more slowly than they are acquired. 

Immediate Responses to Altitude 
Arrival at elevations of 2300 m and higher initiates rapid
physiologic adjustments to compensate for the thinner air and
accompanying reduction in alveolar PO2. The two more im-
portant responses include:

• Increase in the respiratory drive to produce hyperven-
tilation

• Increase in blood flow during rest and submaximal
exercise

Hyperventilation 

Hyperventilation from reduced arterial PO2 is the most impor-
tant and clear-cut immediate response of the native lowlander
to altitude exposure.21,44,91Once initiated, this “hypoxic drive”
increases during the first few weeks and can remain elevated
for a year or longer during prolonged altitude residence.52

The aortic arch and branching of the carotid arteries in the
neck contain peripheral chemoreceptors sensitive to reduced
oxygen pressure. A significant reduction in arterial PO2, which
occurs at altitudes above 2000 m, progressively stimulates these
receptors. This modifies inspiratory activity to increase alveolar
ventilation and cause alveolar PO2 to rise toward the level in am-
bient air. Increases in alveolar PO2 with hyperventilation facili-
tate oxygen loading in the lungs and provide the rapid first line
of defense against reduced ambient PO2 at altitude. For females,
variations in menstrual cycle phase do not affect ventilatory re-
sponses and exercise performance decrements during acute alti-
tude exposure compared with those at sea level.9 Mountaineers
who respond with a strong, hypoxic ventilatory drive to sudden
altitude exposure perform exercise tasks at extreme altitudes
more effectively (and reach higher altitude) than climbers with
a blunted hypoxic ventilatory response.91 

INTEGRATIVE QUESTION

From a physiologic perspective, what represents a
safe altitude for flight in an airplane with a non-
pressurized cabin?

Increased Cardiovascular Response 

Resting systemic blood pressure increases in the early stages
of altitude adaptation.44 In addition, submaximal exercise
heart rate and cardiac output rise as much as 50% above sea
level values, while the heart’s stroke volume remains un-

TABLE 24.1 ➤ IMMEDIATE AND LONGER-TERM ADJUSTMENTS TO ALTITUDE HYPOXIA
SYSTEM IMMEDIATE LONGER-TERM

Pulmonary acid–base

Cardiovascular

Hematologic

Local

Hyperventilation
Bodily fluids become more alkaline due to re-

duction in CO2 (H2CO3) with hyperventilation
Increase in submaximal heart rate
Increase in submaximal cardiac output
Stroke volume remains the same or decreases

slightly
Maximum cardiac output remains the same or

decreases slightly

Hyperventilation
Excretion of base (HCO3

�) via the kidneys and concomitant
reduction in alkaline reserve

Submaximal heart rate remains elevated
Submaximal cardiac output falls to or below sea-level values
Stroke volume decreases

Maximum cardiac output decreases

Decreased plasma volume
Increased hematocrit
Increased hemoglobin concentration
Increased total number of red blood cells
Possible increased capillarization of skeletal muscle
Increased red-blood-cell 2,3-DPG
Increased mitochondrial density
Increased aerobic enzymes in muscle
Loss of body weight and lean body mass
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changed.49 The increased submaximal exercise blood flow at
altitude largely compensates for arterial desaturation. For ex-
ample, a 10% increase in cardiac output during rest or mod-
erate exercise offsets a 10% reduction in arterial oxygen sat-
uration, at least in terms of total oxygen transported through
the body. Figure 24.3 shows that while the oxygen cost of
submaximal exercise at 100 watts on a bicycle ergometer 
at sea level and high altitude remains unchanged at about 
2.0 L � min�1, the relative strenuousness of the effort in-
creases dramatically at altitude. In this example, submaximal
exercise representing 50% of sea-level V

•
O2max equals 70% of

V
•
O2max at 4300 m.

Catecholamine Response 

Norepinephrine activity progressively increases over time dur-
ing rest and exercise with altitude exposure.67,68 Increased
blood pressure and heart rate at altitude coincide with the
steady rise in plasma levels and excretion rates of norepineph-
rine. Norepinephrine levels peak in women and men after 
6 days of high-altitude exposure and then remain stable.65,66,107

In addition to affecting heart rate and blood pressure, increased
sympathoadrenal activity contributes to regulation of stroke
volume, vascular resistance, and substrate use during short-
and long-term hypobaric exposures. Figure 24.4 shows the 24-
hour urinary excretion of norepinephrine and epinephrine dur-
ing control (sea level) measurements and following exposure
to 4300-m altitude for 7 days. Epinephrine showed little
change, but norepinephrine excretion increased significantly
by the fourth day. Urinary norepinephrine levels remain ele-
vated for approximately 1 week following return to sea level.96

Table 24.2 shows metabolic and cardiorespiratory re-
sponses to moderate and maximal cycling exercise in young
men at sea level and during brief exposure to simulated alti-
tude of 4000 m.94 Despite the increase in pulmonary venti-
lation during submaximal exercise at “altitude,” arterial
oxygen saturation decreased from 96% at sea level to 70%
during all exercise intensities. In submaximal exercise, in-
creased cardiac output entirely compensated for the blood’s
reduced oxygen content. Augmented blood flow resulted
from the higher heart rate because the heart’s stroke volume
remained unchanged during short-term altitude exposure.
With an increase in cardiac output, submaximal exercise
oxygen consumption remained essentially identical at sea
level and altitude. The greatest altitude effect on aerobic me-
tabolism emerged during maximal exercise when V

•
O2max de-

creased to 72% of the sea level value.
With maximal exercise during short-term altitude expo-

sure (�7d), ventilatory and circulatory adjustments fail to com-
pensate for the depressed arterial oxygen content. Figure 24.5
illustrates the relationship between pulmonary ventilation and
oxygen consumption up to maximum during bicycle ergome-
ter exercise at sea level and simulated altitudes from 1000 to
4000 m. Each 1000-m increase in altitude caused a propor-
tionate increase in exercise ventilation volume. However,
when exercise oxygen consumption exceeded 2.0 L� min�1,
pulmonary ventilation increased disproportionately at pro-
gressively higher elevations.
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Fluid Loss 

Because ambient air in mountainous regions remains cool and
dry, considerable body water evaporates as inspired air be-
comes warmed and moistened in the respiratory passages. This
fluid loss often leads to moderate dehydration and accompany-

ing symptoms of dryness of the lips, mouth, and throat. Fluid
loss becomes pronounced for physically active people because
of large daily total sweat loss and exercise pulmonary ventila-
tion volumes (and hence water loss). Physically active individ-
uals should have access to water at all times.

TABLE 24.2 ➤ CARDIORESPIRATORY AND METABOLIC RESPONSE DURING SUBMAXIMAL AND MAXIMAL
EXERCISE AT SEA LEVEL AND SIMULATED ALTITUDE OF 4000 M (13,115 FT)

EXERCISE LEVEL V
•

O2 (L � MIN�1) V
•

E (L � MIN�1 BTPS) ARTERIAL SATURATION (%)

Altitude, m 0 4000 0 4000 0 4000
600 kg-m � min�1 1.50 1.56 39.6 53.7 96 71
900 kg-m � min�1 2.17 2.23 59.0 93.7 95 69
Maximum 3.46 2.50 123.5 118.0 94 70

A-V� O2 DIFF

EXERCISE LEVEL Q
•

(L � MIN�1) H R (B � MIN�1) S V (ML) (ML O2 � dL�1)

Altitude, m 0 4000 0 4000 0 4000 0 4000
600 kg-m � min�1 13.0 16.7 115 148 122 113 10.8 9.4
900 kg-m � min�1 19.2 21.6 154 176 125 123 11.4 10.4
Maximum 23.7 23.2 186 184 127 126 14.6 10.8

From Sternberg J, et al. Hemodynamic response to work at simulated altitude 4000 m. J Appl Physiol 1966;21:1589.
Q
•

� cardiac output
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IN A PRACTICAL SENSE

➤➤ IDENTIFICATION AND TREATMENT OF ALTITUDE-RELATED MEDICAL PROBLEMS

Natives who live and work at high altitudes as well as new-
comers risk a variety of medical problems associated with
reduced arterial PO2. These problems usually remain mild
and dissipate within several days, depending on the rapidity
of the ascent and degree of exposure. Other medical com-
plications significantly compromise overall health and
safety. Three medical conditions threaten those who ascend
to high altitude:

1. Acute mountain sickness (AMS), the most com-
mon malady

2. High-altitude pulmonary edema (HAPE), which re-
verses if the person returns quickly to a lower altitude

3. High-altitude cerebral edema (HACE), a poten-
tially fatal condition if not diagnosed and treated 
immediately

Acute Mountain Sickness 
Most people experience the discomfort of AMS during the
first few days at altitudes of 2500 m and above. This rela-
tively benign condition, which becomes exacerbated by ex-
ercise in the first few hours of exposure,80 possibly results
from acute reduction in cerebral oxygen saturation.85 It oc-
curs most frequently in those who ascend rapidly to a high
altitude without benefiting from gradual and progressive
acclimatization to lower altitudes. Symptoms (Table 1) usu-
ally begin within 4 to 12 hours and dissipate within the first
week.35,39,54 Headache, the most frequent symptom, prob-
ably results from increased cerebral hemodynamics from
short-term hyperventilation.45 Most symptoms become
prevalent above 3000 m. Rapid ascent to 4200 m almost
guarantees some form of AMS.61

Decreased thirst sensation and severe appetite sup-
pression can occur during the early stages, often resulting in
a 40% reduction in energy intake and consequent body
mass loss. Diets low in salt and high in carbohydrates are
well tolerated during the early stay at high altitude. A poten-
tial benefit of maintaining carbohydrate reserves through di-
etary intake lies in the liberation of more energy per unit oxy-
gen with carbohydrate oxidation than with fat (5.0 kcal vs.
4.7 kcal per L of O2). Also, high blood lipid levels following a
high-fat meal may reduce arterial oxygen saturation. Bene-
fits of maintaining a high-carbohydrate diet include:

1. Enhanced altitude tolerance 
2. Reduced severity of mountain sickness 
3. Lessened physical performance decrements dur-

ing the early stages of altitude exposure 

Even moderate exercise becomes intolerable for per-
sons suffering the effects of AMS. Symptoms subside and
often disappear as acclimatization progresses. Acclimatiz-
ing slowly to moderate altitudes below 3048 m followed
by a gradual progression to higher elevations (termed
staged ascent) usually prevents AMS. Climbers should
spend several nights at 2500 to 3000 m before going
higher, and an extra night should be added for each addi-

tional 600 to 900 m climbed. Abrupt increases of more
than 600 m in the altitude for sleeping should be avoided
at 2500 m or higher (“climb high–sleep low”). If acclimati-
zation proves ineffective, a 300-m descent usually allevi-
ates symptoms; supplemental oxygen and the drug aceta-
zolamide (Diamox) facilitate recovery.

High-Altitude Pulmonary Edema
For unknown reasons, about 2% of sojourners to altitudes
above 3000 m experience HAPE. Symptoms (Table 1) usu-
ally manifest within 12 to 96 hours following rapid ascent.
Major predisposing factors for HAPE include level of alti-
tude, rate of ascent, and individual susceptibility.6 Fluid ac-
cumulates in the brain and lungs in this life-threatening con-
dition.3,79 At first, symptoms do not seem severe, but the
syndrome progresses to pulmonary edema and fluid reten-
tion by the kidneys. Chest examination reveals wheezy,
raspy sounds known as rales. Even in well-acclimatized indi-
viduals, HAPE can develop with severe exertion at eleva-
tions above 5486 m (18,000 ft), probably the result of in-
creased pulmonary artery pressure with damage to the
blood-gas barrier.105

Table 2 lists appropriate methods to avoid and treat
HAPE. Treatment to prevent severe disability or even death
requires immediate descent to lower altitude on a stretcher
(or flown to safety), because physical activity from walking
potentiates complications. With proper treatment, symp-
toms decrease within hours, with complete clinical recovery
within days. HAPE poses no problem for healthy individuals
who journey to and recreate without acclimatization at alti-
tudes below 1676 m.

TABLE 1. IMPORTANT ALTITUDE-RELATED MEDICAL CONDITIONS

CONDITION SYMPTOMS

Acute mountain
sickness (AMS)

High-altitude 
pulmonary 
edema (HAPE)

High-altitude 
cerebral edema
(HACE)

aExcess mucus in the lungs diagnosed as clicking sounds heard through a
stethoscope.

Severe headache, fatigue, irritability, nausea,
vomiting, loss of appetite, indigestion, flat-
ulence, generalized weakness, constipa-
tion, decreased urine output with normal
hydration, sleep disturbance

Debilitating headache and severe fatigue; ex-
cessively rapid breathing and heart rate;
rales;a cough producing pink frothy spu-
tum; bluish skin color (from low blood
PO2); disruption of vision, bladder, and
bowel functions; poor reflexes; loss of co-
ordination of trunk muscles; paralysis on
one side of the body

Staggered gait, dyspnea upon exertion, se-
vere weakness/fatigue, persistent cough
with pulmonary infection, pain or pressure
in substernal area, confusion, impaired
mental processing, drowsiness, ashen skin
color, loss of consciousness
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SENSORY FUNCTIONS. Figure 24.6 shows deterioration in a
variety of sensory and mental functions with the decrease in
arterial oxygen saturation at altitude. Neurologic alterations
range from a 5% decrease in sensitivity to light at 1524 m
to a further 25% decrease in light sensitivity and 30% de-
crease in visual acuity when elevation doubles to 3048 m,
and a 25% deterioration in coding task performance and
simple reaction time at 6096 m.

MYOCARDIAL FUNCTION. Individuals with normal electrocar-
diograms at sea level including patients with stable chronic
heart failure generally show no adverse changes to indicate
myocardial ischemia (e.g., arrythmias, angina, ECG abnor-
malities) at simulated high altitudes, even during maximal ex-
ercise.2,82,95 Even on Mt. Everest, contractile function of the
heart remains stable despite the considerable chronic hy-
poxia.77 Because little information exists about the effects of
altitude on individuals with coronary artery disease and with

congestive heart failure, these patients should avoid high-
altitude exposure altogether.61

Longer-Term Adjustments to Altitude
Hyperventilation and increased submaximal exercise cardiac
output provide a rapid and relatively effective counter to the
acute challenge of altitude exposure. Concurrently, other
slower-acting adjustments occur during a prolonged altitude
stay. The most important longer-term adjustments involve:

• Regulation of acid–base balance of body fluids al-
tered by hyperventilation

• Synthesis of hemoglobin and red blood cells and ac-
companying changes in local circulation and aerobic
cellular function

• Elevated sympathetic neurohumoral activity as re-
flected by a significant increase in norepinephrine
that peaks within 1 week at altitude.

IN A PRACTICAL SENSE

➤➤ IDENTIFICATION AND TREATMENT OF ALTITUDE-RELATED MEDICAL PROBLEMS—cont’d

High-Altitude Cerebral Edema
HACE is a potentially fatal neurologic syndrome that devel-
ops within hours or days in individuals with AMS. HACE 
occurs in about 1% of people exposed to altitudes above
2700 m; it involves increased intracranial pressure that
causes coma and death if left untreated. The early symp-
toms (Table 1), similar to those of AMS and HAPE, progres-

sively worsen as the altitude stay progresses. Cerebral
edema probably results from cerebral vasodilation and ele-
vations in capillary hydrostatic pressure that cause move-
ment of fluid and protein from the vascular compartment
across the blood–brain barrier.36 An enlarged cerebral fluid
volume eventually distorts brain structures, particularly the
white matter, which exacerbates symptoms and increases
sympathetic nervous system activity. Tissue hypoxia caused
by high-altitude exposure may also initiate a series of local
events that stimulate angiogenesis (new capillary vessel
growth) in brain tissue.108 Because of the difficulty in ade-
quately diagnosing HACE at high altitude, immediate de-
scent to a lower elevation is mandatory.

OTHER CONDITIONS

Chronic mountain sickness (CMS), prevalent in a small
number of altitude natives, can develop after months and
years at altitude. CMS relates to excessive polycythemia,
perhaps the result of a genetically linked variation in the
EPO response to hypoxic stress.72 CMS symptoms include
lethargy, weakness, sleep disturbance, bluish skin coloring
(cyanosis), and change in mental status. High-altitude reti-

nal hemorrhage (HARH) affects virtually all climbers at alti-
tudes above 6700 m (21,982 ft). HARH usually progresses
unnoticed with no specific treatment or means for preven-
tion. Hemorrhage in the macula of the eye—the oval “yel-
low spot” region in the back of the eyeball close to the op-
tic disc—can produce irreversible visual defects. Retinal
bleeding probably results from surges in blood pressure
with exercise that cause blood vessels in the eye to dilate
and rupture from increased cerebral blood flow.97

TABLE 2. PREVENTION AND TREATMENT OF HIGH-ALTITUDE

PULMONARY EDEMA

Prevention
1. Slow ascent for susceptible individuals (average increase in

sleeping altitude of 300–350 m � d�1 above 2500 m)
2. No ascent to higher altitude with symptoms of AMS
3. Descent when AMS symptoms do not improve after a day 

of rest
4. Under circumstances of high risk: avoid vigorous exercise

when not acclimatized
5. Nifedipine: 20 mg slow-release formulation every 6 hours (or

30–60 mg sustained-release formulation once daily) for sus-
ceptible individuals when slow ascent is impossible

Treatment
1. Descent by at least 1000 m (primary choice in mountaineering)
2. Supplemental oxygen: 2–4 L � min�1 (primary choice in areas

with medical facilities)
3. When 1 and/or 2 not possible:

• Administer 20 mg nifedipine slow-release formulation
every 6 hours

• Use portable hyperbaric chamber (see Fig. 26.10)
• Descend to low altitude as soon as possible
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Each of these acclimatization components improves tol-
erance to the relative hypoxia of medium and high altitudes.

Acid–Base Readjustment 

The beneficial effect of hyperventilation at altitude to increase
alveolar PO2 produces the opposite effect on the body’s carbon
dioxide level. Because ambient air contains essentially no car-
bon dioxide, the increased breathing volumes at altitude dilute
normal alveolar carbon dioxide concentrations. This creates a
larger-than-normal gradient for diffusion (“wash out”) of car-
bon dioxide from the blood to the lungs, causing arterial PCO2

to decrease considerably. With exposure to 3048 m, for exam-
ple, alveolar PCO2 drops to about 24 mm Hg, in contrast to its
usual 40 mm Hg value at sea level. Alveolar PCO2 drops as low
as 10 mm Hg during a prolonged stay at high altitude.

Carbon dioxide loss from the bodily fluids in a hypoxic
environment creates a physiologic disequilibrium. We pointed
out in Chapter 13 that carbonic acid (H2CO3) normally carries
the largest quantity of carbon dioxide in the body. This rela-
tively weak acid readily dissociates into H� and HCO3

�,
which move to the lungs in the venous circulation. H� and
HCO3

� recombine in the pulmonary capillaries to form
H2CO3, which in turn forms carbon dioxide and water; carbon
dioxide diffuses from the blood into the alveoli and leaves the
body. A decrease in carbon dioxide level with hyperventila-
tion increases the pH from loss of carbonic acid, and bodily
fluids become more alkaline.

Because hyperventilation represents a sustained and bene-
ficial response to altitude exposure, adjustments proceed during
acclimatization to minimize the accompanying negative disrup-
tion in acid–base balance. Control of ventilatory-induced alka-
losis advances slowly as the kidneys excrete base (HCO3

�)
through the renal tubules. In turn, restoration of normal pH in-
creases the respiratory center’s responsiveness, thus enabling
even greater hyperventilation in response to altitude hypoxia.

REDUCED BUFFERING CAPACITY AND THE “LACTATE PARADOX.” Es-
tablishing acid–base equilibrium with acclimatization occurs
at the expense of a loss of absolute alkaline reserve. Thus, al-
though the pathways of anaerobic metabolism remain unaf-
fected at altitude, the blood’s capacity for buffering acid grad-
ually decreases, and the critical level lowers for acid
metabolite accumulation. A general depression in maximum
lactate concentrations becomes apparent in maximal exercise
above 4000 m.76

On immediate ascent to high altitude, a given submaxi-
mal exercise load increases blood lactate concentration com-
pared with sea level values. Presumably, increased lactate ac-
cumulation results from greater reliance on anaerobic
glycolysis with altitude hypoxia. Surprisingly, the same sub-
maximal and maximal exercise with large muscle groups after
several weeks of hypoxic exposure produces lower lactate lev-
els, despite a lack of increase in either V

•
O2maxor regional blood

flow in active tissues. The question arises concerning this ap-
parent physiologic contradiction, termed the lactate paradox,
“How is lactate accumulation reduced without a concomitant
increase in tissue oxygenation, when the hypoxemia associ-
ated with high altitude should promote lactate accumulation?” 

Research to resolve the lactate paradox points to reduced
output of the glucose-mobilizing hormone epinephrine during
chronic high-altitude exposure.10 Because glucose and glyco-
gen are the only macronutrient sources for anaerobic energy
(and lactate formation), reduced glucose mobilization blunts
the capacity for lactate formation. Reductions in intracellular
ADP during long-term altitude exposure may also inhibit ac-
tivation of the glycolytic pathway. In addition, depressed lac-
tate formation during maximal exercise may partly reflect an
overall reduced central nervous system drive, which would
blunt capacity for all-out physical effort.48,64 Reduced blood
lactate accumulation at high altitude is apparently not related
to the decreased buffering capacity that accompanies high-
altitude acclimatization.47
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Hematologic Changes 

An increase in the blood’s oxygen-carrying capacity is the
most important longer-term adjustment to altitude exposure.
Two factors account for this adaptation: (1) an initial decrease
in plasma volume, followed by (2) increased synthesis of ery-
throcytes and hemoglobin.

PLASMA VOLUME DECREASE. During the first several days of al-
titude exposure, the body’s fluid balance changes in a direction
that shifts fluid from the intravascular space to the interstitial
and intracellular spaces. The decrease in plasma volume that
occurs within several hours of altitude exposure increases red
blood cell concentration.90 After a week at 2300 m, for exam-
ple, the plasma volume decreases by about 8%, whereas the
concentration of red blood cells (hematocrit) increases 4% and
hemoglobin, 10%. A 1-week stay at 4300 m decreases plasma
volume 16 to 25% with concomitant increases in hematocrit
(6%) and hemoglobin (20%).37 The rapid reduction in plasma
volume (and accompanying hemoconcentration) increases the
oxygen content of arterial blood significantly above values ob-
served on arrival at altitude. Diuresis (increased urine output)
accompanies the shift in fluid from the plasma during ac-
climatization, which maintains balance in the fluid compart-
ments at a lower total body water content.

RED BLOOD CELL MASS INCREASE. Reduced arterial PO2 at altitude
stimulates an increase in the total number of red blood cells, a
condition termed polycythemia. The erythrocyte-stimulating
hormone erythropoietin (EPO), synthesized and released
primarily from the kidneys in response to localized arterial
hypoxia, initiates red blood cell formation within 15 hours af-
ter altitude ascent. In the weeks that follow, erythrocyte pro-
duction in the marrow of the long bones increases consider-
ably and remains elevated throughout the altitude stay.34 The
blood of a typical miner in the Andes contains 38% more ery-
throcytes than the blood of a lowlander. In some apparently
healthy high-altitude natives, red cell count may reach levels
50% above normal—8 million cells per mm3 compared with
5.3 million for the native lowlander!62 Climbers acclimatized
at 6500 m during a 1973 Mt. Everest expedition showed a
40% increase in hemoglobin concentration and a 66% in-
crease in hematocrit.16 This probably approaches the upper
limit for a beneficial hematologic response. Any further ery-
throcyte packing increases blood viscosity and restricts blood
flow and oxygen diffusion to the tissues. 

INTEGRATIVE QUESTION

For their assault on Mt. Everest, elite mountaineers
spend a total of 3 months at camps at 16,600 feet,
19,500 feet, 21,300 feet, 24,000 feet, and 26,000
feet before their final ascent. Explain the physio-
logic rationale for a “stage ascent” approach to
mountaineering.

Polycythemia translates directly to an increase in the
blood’s capacity to transport oxygen. For example, the oxygen-

carrying capacity of blood in high-altitude residents of Peru av-
erages 28% above sea-level values.43 In well-acclimatized
mountaineers, the blood carries 25 to 31 mL of oxygen per dL
of blood, compared with 20 mL for lowland residents.74 Thus,
despite reduced hemoglobin oxygen saturation at altitude, the
quantity of oxygen in arterial blood may approach or even
equal sea-level values. 

Figure 24.7A illustrates the general trend for hemoglobin
and hematocrit increases during acclimatization. For eight
young women who lived and worked for 10 weeks at the
4267-m summit of Pikes Peak. Because the researchers’ pre-
vious work showed significantly fewer hematologic changes
during acclimatization in women than in men (possibly be-
cause of inadequate iron intake), each woman received iron
supplementation prior to, during, and on return from altitude.
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FIGURE 24.7 • A. Effects of altitude on hemoglobin (Hb; yellow line)
and hematocrit (Hct; red line) levels of 8 young women from the Uni-
versity of Missouri (213 m) prior to, during, and 2 weeks after expo-
sure to 4267 m at Pikes Peak, Colorado. (From Hannon JP, et al. Ef-
fects of altitude acclimatization on blood composition of women. J
Appl Physiol 1968; 26: 540.) B. Hematocrit response of young women
receiving supplemental iron (�Fe) prior to and during altitude expo-
sure compared to groups of male and female subjects receiving no
supplemental iron. (Courtesy of Dr. J. P. Hannon.)
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Red blood cell concentration increased rapidly upon reaching
Pikes Peak. Hemoconcentration resulted from a reduction in
plasma volume within the first 24 hours at altitude. Hemoglo-
bin concentration and hematocrit continued to rise in the
month that followed and then stabilized for the remainder of
the stay. Prealtitude values reestablished within 2 weeks after
the women returned to Missouri.

Figure 24.7B shows that iron supplementation increased
the prealtitude values for hematocrit and hemoglobin. One
might anticipate this finding, as young women frequently suf-
fer from mild dietary iron insufficiency with depressed iron
reserves (see Chapter 2). Comparison of the acclimatization
curve for the iron-supplemented women with another group
of women not given additional iron showed a greater hemat-
ocrit increase in the supplemented group. Iron supplementa-
tion enhanced hematocrit increases at altitude to a level
equivalent to that of men at the same location. These findings
indicate that athletes with borderline iron stores may not re-
spond to acclimatization as effectively as individuals who ar-
rive at altitude with iron reserves adequate to sustain an in-
crease in erythrocyte production.

Cellular Adaptations

A topic of considerable debate concerns whether extreme ter-
restrial hypoxia stimulates vascular and cellular adaptations
in humans that improve local oxygen extraction and maxi-
mize oxidative functions.30,40,69,99Any improvement in the en-
ergy state of the muscle with acclimatization probably does
not result from a reorginazation of metabolic pathways.31 An-
imals born and raised at high altitude showed more concen-
trated capillarization of skeletal muscle (number per mm2)
than sea-level counterparts.100 Chronic hypoxia may also ini-
tiate remodeling of capillary diameter and length and the for-
mation of new capillaries to significantly increase oxygen
conductance to neural tissues.

Human residents of sea level also show increased tissue
capillarization during an altitude stay.71 A more prolific mi-
crocirculation reduces the oxygen diffusion distance between
the blood and tissues to optimize tissue oxygenation at 
altitude when arterial PO2 decreases. Furthermore, muscle
biopsy specimens from humans living at altitude indicate that
myoglobin increases up to 16% after acclimatization.78 Addi-
tional myoglobin augments oxygen “storage” in specific
fibers and facilitates intracellular oxygen release and delivery
at a low tissue PO2. Whether the small increase in mitochon-
drial number and concentration of aerobic energy transfer en-
zymes with prolonged exposure59 (or when training under
normobaric hypoxic versus normoxic conditions69) reflects
exercise training effects or the hypoxic environment remains
unclear.41,88

High-altitude natives benefit from the slight shift to the
right of the oxyhemoglobin dissociation curve at altitude.
This effect decreases hemoglobin’s affinity for oxygen to fa-
vor more oxygen release to tissues for a given drop in cellu-
lar PO2. Facilitated oxygen release from hemoglobin with
long-term altitude exposure occurs from an increased concen-

tration of red blood cell 2,3-diphosphoglycerate (2,3-DPG;
see Chapter 13).55 Increased 2,3-DPG coupled with more cir-
culating hemoglobin (and red blood cells) favorably affects
the long-term resident’s capacity to supply oxygen to active
tissue during physical activity.

Changes in Body Mass and Body Composition 

Prolonged high-altitude exposure significantly reduces lean
body mass (muscle fibers atrophy up to 20%) and body fat,
with the magnitude of weight loss directly related to terres-
trial elevation. Six men participated in a 40-day progressive
decompression to an ambient pressure of 249 mm Hg in a hy-
perbaric chamber to simulate an ascent of Mt. Everest.84 Daily
caloric intake from a depressed appetite decreased by 43%
during the exposure period. Reduced energy intake reduced
body mass 7.4 kg, predominantly from the muscle component
of the fat-free body mass. In addition to depressed appetite
and food intake during high-altitude exposure, intestinal ab-
sorption efficiency decreases to compound the difficulty in
maintaining body weight.13,23,101 The basal metabolic rate also
increases significantly upon arrival at altitude, which further
affects the tendency to lose weight. To some extent, one can
override an accelerated metabolic rate and minimize weight
loss by consciously increasing energy intake while at altitude.

Time Required for Acclimatization 
The time required to acclimatize to altitude depends on ter-
restrial elevation. Acclimation to one altitude ensures only
partial adjustment to a higher elevation. As a broad guideline,
it takes about 2 weeks to adapt to altitudes up to 2300 m.
Thereafter, each 610-m altitude increase requires an addi-
tional week to fully acclimatize, up to 4600 m. Athletes de-
siring to compete at altitude should begin intense training as
soon as possible during acclimatization. Rapid initiation of
training minimizes detraining effects brought about by the
normal tendency to reduce physical activity in the first few
days at altitude.53 Acclimatization adaptations dissipate
within 2 or 3 weeks after returning to sea level.

METABOLIC, PHYSIOLOGIC, AND EXERCISE
CAPACITIES AT ALTITUDE 
The stress of high altitude significantly restricts work capacity
and physiologic function. Even at lower altitudes, the physio-
logic and metabolic adjustments do not fully compensate for
the reduced ambient oxygen pressure, and exercise perfor-
mance deteriorates. Certain circulatory parameters, particularly
stroke volume and maximum heart rate, acclimatize in a direc-
tion that reduces oxygen transport capacity and V

•
O2max.26,29,87

Maximal Oxygen Consumption 
Figure 24.8A depicts the relationship between the decrease in
V
•
O2max (% of sea-level value) and increasing altitude or simu-

lated exposures (i.e., hypobaric chambers or normobaric hy-

614 SECTION 5 • Exercise Performance and Environmental Stress
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poxic gas breathing) as reported in diverse civilian and military
studies.27 Variation in points about the orange line depicting the
relationship most likely result from disparities in experimental
design and procedures and physiologic differences among sub-
jects. The figure indicates that small declines in V

•
O2maxbecome

noticeable beginning at an altitude of 589 m. Thereafter, arter-
ial desaturation causes the V

•
O2max of men and women to de-

crease at a rate of 7 to 9% per 1000-m altitude increase up to
6300 m, where aerobic capacity declines at a more rapid, non-
linear rate.19,75,86For example, aerobic capacity at 4000 m av-
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FIGURE 24.8 • A. Reduction in
V
•

O2max as a percentage of the sea-
level value in relation to altitude ex-
posure, derived from 146 average
data points from 67 different civilian
and military investigations conducted
at altitudes from 580 m (1902 ft) to
8848 m (29,021 ft). “Altitudes” rep-
resent data from actual terrestrial el-
evations or simulated elevations with
hypoxic chambers or hypoxic gas
breathing. The orange curvilinear line
is a database regression line drawn
using the 146 points. B. Generalized
trend in performance decrements in
relation to altitude exposure for run-
ners and swimmers, primarily during
competition. (Modified from Fulco
CS, et al. Maximal and submaximal
exercise performance at altitude.
Aviat Space Environ Med 1998;69:
793.)
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erages 75% of the sea-level value. At 7000 m, V
•
O2max averages

one-half the sea-level value; the V
•
O2max of a relatively fit man

atop Mt. Everest is about 1000 mL� min�1, which corresponds
to an exercise power output of only 50 watts on a bicycle 
ergometer.73

Physical conditioning prior to altitude exposure offers
little protection because the endurance athlete experiences a
slightly greater percentage reduction in V

•
O2max than does an

untrained person. In addition, large variability exists among
individuals in the decrement in V

•
O2maxwith altitude exposure.

Men experience the largest decrease, particularly those with a
large lean body mass, a large sea-level aerobic capacity, and a
low sea-level lactate threshold.81 To some extent, arterial de-
saturation and decrease in V

•
O2max are more pronounced in in-

dividuals with a blunted hyperventilation response to exercise
in a hypoxic environment.28 Despite any unique effects of al-
titude exposure on aerobically fit individuals, a standard ex-
ercise task at altitude still provides relatively less stress for
well-conditioned women and men because they perform it at
a lower percentage of V

•
O2max.

Circulatory Factors 
Even after several months of acclimatization to hypoxia,
V
•
O2max remains significantly below sea-level values, despite

relatively rapid and pronounced increases in hemoglobin con-
centration. This occurs because reduced circulatory capacity—
combined effect of lowered maximum heart and stroke vol-
ume—offsets the hematologic benefits of acclimatization.29,50

Submaximal Exercise

The immediate altitude response to exercise increases sub-
maximal cardiac output (Table 24.2), but this response dimin-
ishes as acclimatization progresses and does not improve with
prolonged exposure.49 Reduced exercise cardiac output re-
sults mainly from a progressive decrease in the heart’s stroke
volume (associated with diminished plasma volume) as the
altitude stay progresses. Despite the reduced cardiac output,
submaximal oxygen consumption remains stable through an
expanded a-v� O2 difference. To some extent, an increased
submaximal heart rate offsets the decrease in stroke volume
during submaximal exercise. 

Maximal Exercise 

Maximum cardiac output decreases after about a week
above 3048 m and remains lower throughout one’s stay.33,75

Reduced blood flow during maximal exercise results from
the combined effect of decreases in maximum heart rate and
stroke volume, both of which continue to decrease with the
length and magnitude of altitude exposure.49–52,86,89 This
blunted cardiac response does not result from myocardial
hypoxia, at least as reflected by electrocardiographic and
coronary blood flow measurements during vigorous exer-
cise at high altitudes.38,87 Decreased plasma volume and in-
creased total peripheral vascular resistance contribute to the

reduced maximum stroke volume. Enhanced parasympa-
thetic tone induced by prolonged altitude exposure proba-
bly reduces the maximum heart rate.89

INTEGRATIVE QUESTION

If altitude acclimatization improves endurance ex-
ercise performance at altitude, why does it not im-
prove similar performance immediately upon return
to sea level?

Performance Measures 
Figure 24.8B illustrates the generalized trend in exercise per-
formance decrements, primarily during competition for ath-
letes at different altitude exposures. Altitude exerts no adverse
effect on events lasting less than 2 minutes. For longer-dura-
tion events, performance times are longer (poorer perfor-
mance) at higher elevations than at sea level. The threshold for
decrements occurs at about 1600 m for events with a duration
of 2 to 5 minutes, while only a 600- to 700-m altitude induces
poorer performance in events lasting longer than 20 minutes.
For the 1- and 3-mile runs, medium altitude (2300 m) causes
a 2 to 13% performance decrement for fit subjects.25 This co-
incides with the 7.2% increase in 2-mile run times for highly
trained middle-distance runners at the same altitude.1 Even af-
ter 29 days of acclimatization, high-altitude exposure signifi-
cantly increases 3-mile run time, compared with times for the
same run near sea level.76 The small improvement in en-
durance performance during acclimatization, despite lack of
concomitant increase in V

•
O2max, relates to three factors: (1) in-

creased minute pulmonary ventilation (ventilatory acclimati-
zation), (2) increased arterial oxygen saturation and cellular
aerobic functions, and (3) blunting of the blood lactate re-
sponse in exercise (see “lactate paradox,” page 612).

AEROBIC CAPACITY ON RETURN 
TO SEA LEVEL 
Sea-level exercise performance does not significantly improve
after living at altitude when V

•
O2maxserves as the improvement

criterion.46,56,70An 18-day stay at 3100 m produced no signif-
icant change in the altitude-induced 25% reduction in aerobic
capacity in young runners.33 Furthermore, V

•
O2max was about

the same as the prealtitude measure on return to sea level.
Even in studies showing small improvements in either V

•
O2max

or exercise performance at altitude and on return to sea level,
the change often relates to an increase in physical activity
(i.e., the effects of training and/or repeated testing) during al-
titude exposure.20,51

Possible Negative Effects 
Several physiologic changes during prolonged altitude expo-
sure negate adaptations that could improve exercise perfor-
mance on return to sea level. For example, the residual effects
of a loss of muscle mass and a reduced maximum heart rate
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and stroke volume would not enhance sea-level performance.
Any reduction in maximum cardiac output at altitude offsets
benefits from an increase in the blood’s oxygen-carrying ca-
pacity. Although a blunted circulatory capacity returns to nor-
mal after a few weeks at sea level, so also do potentially pos-
itive hematologic adaptations.37 Within a physiologic context,
the controversial use of blood doping (see Chapter 23) mim-
ics the hematologic benefits of altitude exposure without the
potential negative effects on maximum cardiovascular dy-
namics and body composition. 

ALTITUDE TRAINING AND SEA-LEVEL
PERFORMANCE 
Most research does not support endurance training at altitude
to improve subsequent sea-level exercise performance.Alti-
tude acclimatization improves capacity for exercise at alti-
tude, particularly high altitude. However, the effect of altitude
training on aerobic capacity and endurance performance im-
mediately on return to sea level remains unclear. As discussed
above, altitude adaptations in local circulation and cellular
metabolism, combined with compensatory increases in the
blood’s oxygen-carrying capacity, should theoretically im-
prove subsequent sea-level performance. Also, positive pul-
monary adaptations and responses during prolonged hypoxic
exposure do not regress immediately upon descent from alti-
tude.92 Furthermore, if tissue hypoxia provides an important
training stimulus, altitude plus training should act synergisti-
cally, and the total effect should exceed similar training at sea
level. Unfortunately, much of the exercise training–altitude
exposure research contains experimental design flaws that
limit evaluation of this possibility. Poor control over subjects’
physical activity at altitude makes it difficult to discern
whether any improved V

•
O2max or performance score on return

to sea level represents a training effect, an altitude effect, or
synergism between altitude and training.

Researchers used equivalent groups to compare the ef-
fectiveness of altitude training (2300 m) and equivalent

training at sea level.1 Six middle-distance runners trained at
sea level for 3 weeks at 75% of their sea-level V

•
O2max. An-

other group of six runners trained an equivalent distance at
the same percentage V

•
O2max measured at 2300 m. The groups

then exchanged training sites and continued to train for 3
weeks at the same relative intensity as the preceding group.
Initially, 2-mile run times were 7.2% slower at altitude, com-
pared with those at sea level. Run times improved 2.0% for
both groups during altitude training, but postaltitude perfor-
mance at sea level remained the same as the prealtitude sea-
level runs. Figure 24.9 shows that short-term altitude expo-
sure decreased V

•
O2max 17.4% for both groups; it improved

only slightly after 20 days of altitude training. When the run-
ners returned to sea level after altitude training, aerobic ca-
pacity remained 2.8% below prealtitude sea-level values.
Clearly, for these well-conditioned middle-distance runners,
no synergistic effect emerged from combining aerobic train-
ing at medium altitude compared with equivalent sea-level
training.

Others have duplicated these observations for V
•
O2max and

endurance performance at both moderate and higher alti-
tudes.24,53 Highly trained male track athletes flew to Nunoa,
Peru (altitude 4000 m), where they continued to train and ac-
climatize for 40 to 57 days. V

•
O2max decreased 29% below sea-

level values after the initial 3 days at altitude; after 48 days it
still remained 26% lower. The 440-yard, 880-yard, and 1- and
2-mile runs during a “track meet” with the altitude natives
measured running performance after acclimatization. The
times after acclimatization remained considerably slower than
prealtitude, sea-level times, particularly for the longer runs.
Furthermore, when the athletes returned to sea level, V

•
O2max

and running performance generally did not differ from pre-
altitude measures. On no occasion did a runner improve his
previous prealtitude run time. In fact, running times in the
longer events averaged 5% belowprealtitude trials. In other
studies, training in a hypobaric chamber provided no addi-
tional benefit to sea-level performance compared with simi-
lar training (albeit at a higher absolute exercise level) at sea
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FIGURE 24.9 • Maximal oxygen con-
sumption of two equivalent groups
during training for 3 weeks at altitude
and 3 weeks at sea level. Group 1
trained first at sea level and continued
training for 3 weeks at altitude. For
Group 2, the procedure reversed, and
they trained first at altitude and then
at sea level. Green arrows in figure in-
dicate change in training site. (From
Adams WC, et al. Effects of equiva-
lent sea-level and altitude training on
V
•

O2max and running performance. J
Appl Physiol 1975;39:262.) 
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level. As expected, the “altitude”-trained group eventually
showed significantly better exercise performance at simu-
lated altitude than sea-level residents.98

INTEGRATIVE QUESTION

Give your opinion (and rationale) about what ef-
fects a 2-week exposure to an altitude of 3000 m
would have on maximal exercise performance of a
60-second duration.

Decrement in Absolute Training Level at Altitude 
One must lower the absolute workload to perform aerobic ex-
ercise at the same relative intensity at altitude as at sea level.
Otherwise, anaerobic metabolism provides a larger portion of
the energy for exercise at altitude (see Fig. 24.3), and fatigue
develops.109 Exposure to 2300 m and higher makes it nearly
impossible to train at the same absolute exercise intensity as
at sea level. Table 24.3 shows the reduction in training inten-
sity relative to sea-level standards for six college athletes. At
4000 m, for example, the runners could train only at the in-
tensity equivalent to 39% of the sea-level V

•
O2max, compared

to an intensity of 78% when training at sea level. The absolute
exercise training level at altitude may become so reduced that
an athlete cannot maintain peak condition for sea-level com-
petition. In this regard, elite athletes benefit from periodically
returning from altitude to sea level for intense training to off-
set any “detraining” during a prolonged altitude stay (see next
section). Intermittent returns to a lower altitude would not in-
terfere with acclimatization and might even benefit altitude
performance.8,20 Regardless of the training model, athletes
who train at altitude should include high-intensity speed work
to maintain muscle power.

COMBINE ALTITUDE STAY 
WITH LOW-ALTITUDE TRAINING 
Research has focused on the optimal combination of high-
altitude stay plus low-altitude training in competitive runners.
Athletes who lived at 2500 m but returned regularly to 1250
m to train at near–sea-level intensity (i.e.,live high–train

low) showed greater average increases in V
•
O2max and 5000-m

run performance than athletes who lived and trained only at
2500 m or those who lived and trained only at sea level.57 This
indicates that strategies that combine (1) altitude acclimatiza-
tion and (2) maintenance of sea-level training intensity pro-
vide synergistic benefitsto endurance performance at sea
level. Regular training exposure to a near–sea-level environ-
ment appears to prevent the impaired systolic function (i.e.,
reduced maximum stroke volume and cardiac output) typi-
cally observed during training at altitude. Debate exists con-
cerning whether intermittent altitude exposure increases red
blood cell mass and hemoglobin concentration.4,58

Not all individuals benefit to the same degree from a 
living-high, training-low strategy. Within the group showing
physiologic and performance increases with this protocol,
certain individuals classified as “responders,” while others
showed little positive adjustment.17 These “nonresponders”
displayed a significantly smaller increase in plasma concen-
tration of the erythrocyte-producing hormone EPO after 30
hours at altitude than the responders. Such individuals would
experience a blunted increase in hematocrit during acclimati-
zation to altitude exposure. These findings suggest that three
prerequisites exist for benefit from the combination of altitude
living and lower-altitude training: 

1. The altitude stay must take place at an elevation
high enough to raise EPO concentrations to in-
crease total red blood cell volume and V

•
O2max. 

2. The athlete must respond to the altitude stress with
increased EPO output.

3. Training must take place at an elevation low
enough to maintain training intensity and exercise
oxygen consumption at near sea-level values.

INTEGRATIVE QUESTION 

Respond to a person who suggests that periodic
breath holding while exercising at sea level should
bring about similar physiologic adaptations as
training at altitude.

At-Home Acclimatization
Inability to maintain sea-level training intensity represents a
significant negative aspect of a sojourn to altitude to improve
subsequent sea-level performance from hematologic changes
with acclimatization. Failure to maintain the muscular power
outputs of sea-level training at altitude may actually initiate a
detraining effect. Application of the live high–train low train-
ing model poses significant practical and financial hurdles.
For these reasons, some endurance athletes use the banned
(and dangerous) practices of blood doping and EPO injections
to increase hematocrit and hemoglobin concentration, without
the bother and potential negative effects of an altitude stay.

A more prudent approach makes use of the observation
that altitude’s beneficial effects on erythropoiesis and aerobic
capacity require relatively short-term exposures to hypoxia.
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TABLE 24.3 ➤ EFFECT OF ALTITUDE ON TRAINING
INTENSITY FOR SIX COLLEGIATE
ATHLETES

ALTITUDE (M)

300 2300 3100 4000

Intensity of workout
(%V

•

O2max at 200 m) 78 60 56 39

From Kollias J, Buskirk ER. Exercise and altitude. In Science and medicine
of exercise and sports. 2nd ed. Johnson WR, ER Buskirk, eds. New York:
Harper & Row. 1974: .
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For example, daily intermittent exposures of 3 to 5 hours for
9 days to simulated altitudes of 4000 to 5500 m in a hypobaric
chamber significantly increased endurance performance, red
blood cell count, and hemoglobin concentration in elite
mountain climbers.15,83 Intermittent hypoxic training under
normobaric conditions provides an added bonus with clinical
and cardioprotective implications because such exercise aug-
ments training’s effect on selected metabolic and cardiovas-
cular risk factors.5

In the absence of a hypobaric chamber, three approaches
create an “altitude” environment where an athlete, moun-
taineer, or hot-air balloonist living at sea level spends a large
enough portion of the day to stimulate an altitude acclimati-
zation response.

• In the Gamow Hypobaric Chamber, a person rests
and sleeps for about 10 hours each day. The cham-
ber’s total air pressure can decrease to simulate the
barometric pressure of a preselected altitude. Re-
ductions in barometric pressure bring about propor-
tionate reductions in the inspired air’s PO2 to simu-
late altitude exposure and induce physiologic
adaptations.

• To eliminate the necessity of constructing an enclosure
to withstand differentials between sea-level ambient
air pressure and the reduced pressure in the hypobaric
chamber, one can simulate altitude at sea level by in-
creasing the nitrogen percentage of the air within an
enclosure. Increased nitrogen percentage correspond-
ingly reduces the air’s oxygen percentage, thus de-
creasing the PO2 of inspired air. Nordic skiers have ap-
plied this technique by living for 3 to 4 weeks in a
specially constructed house that provides “air” with
only 15.3% oxygen, compared with its normal concen-
tration of 20.9%. The system requires mixing nitrogen
gas and carefully monitoring the breathing mixture.

• TheWallace Altitude Tent (Fig. 24.10), a suitcase-
sized unit developed by British Olympic cyclist
Shaun Wallace, continuously supplies air with an
oxygen content of approximately 15% to simulate an
altitude of 2500 m. The 70-pound unit consists of a
portable tent that fits over a normal bed; a “hypoxic
generator” (housed in an airline suitcase) continually
feeds altitude-simulating hypoxic air into the tent.
The porosity of the tent’s material limits the rate of
diffusion of outside oxygen into the tent and main-
tains the 15% oxygen concentration. Equilibration of
the tent’s environment at the 15% oxygen level re-
quires about 90 minutes. The manufacturer pro-
claims: “Easily set up at home, or in a hotel whilst
on-the-road, the system provides the beneficial physi-
ological adaptations associated with living at 9000′
altitude, without any compromise in training qual-
ity—the ultimate in high–low training.” Future re-
search must verify the effectiveness of this unique
approach to endurance training.

Summary

1. The progressive reduction in ambient PO2 as one as-
cends in altitude eventually causes inadequate he-
moglobin oxygenation in arterial blood. Arterial de-
saturation produces noticeable performance
decrements in aerobic physical activities at alti-
tudes of 2000 m and higher. Altitude does not ad-
versely affect short-term (anaerobic) sprint and
power performances that depend on energy from
intramuscular high-energy phosphates and gly-
colytic reactions.

2. Reduced PO2 and accompanying hypoxia at altitude
stimulate physiologic responses and adjustments
that improve altitude tolerance during rest and ex-
ercise. Hyperventilation and increased submaximal
cardiac output via elevated heart rate are the pri-
mary immediate responses to altitude exposure.

3. Medical problems ranging from mild to life-
threatening often emerge during altitude exposure.
AMS, HAPE, and HACE are the most prominent
maladies. The potentially lethal conditions of
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FIGURE 24.10 • The Wallace Altitude Tent fits over a double or
queen-size bed or can be constructed for in-home use as a semiper-
manent cubicle. Patches of “breathable” nylon permit diffusion of
ambient oxygen (at higher PO2) into the tent (at lower PO2) to maintain
the percentage of oxygen within the tent at about 15%. A hypoxic
generator (left of tent) continuously supplies air with oxygen content
that equilibrates within the tent at near 15%. The inset shows the
time course for equilibration of air within the tent to reach the 15%
oxygen level. (Photo courtesy of Hypoxico Inc, Shaun Wallace,
Cardiff, CA.) 
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HAPE and HACE require the patient’s immediate
removal to a lower altitude. 

4. Acclimatization entails physiologic and metabolic
adjustments that greatly improve tolerance to alti-
tude hypoxia. The main adjustments involve 
(1) reestablishment of acid–base balance of the 
bodily fluids, (2) increased synthesis of hemoglobin
and red blood cells, and (3) improved local circula-
tion and cellular metabolism. Adaptations 2 and 3
significantly facilitate oxygen transport and use.

5. The rate of altitude acclimatization depends on the
terrestrial elevation. Noticeable improvements oc-
cur within several days. The major adjustments re-
quire about 2 weeks, although acclimatization to
relatively high altitudes may require 4 to 
6 weeks.

6. The alveolar PO2 averages 25 mm Hg at the sum-
mit of Mt. Everest. For acclimatized men, this re-
duces V

•
O2maxby 70%, to about 15 mL O2 � kg�1 �

min�1. An unacclimatized individual loses con-
sciousness within 30 seconds at this altitude.

7. Acclimatization does not fully compensate for the
stress of altitude. Despite acclimatization, V

•
O2maxde-

creases about 2% for every 300 m above 1500 m. A
significant decrement in endurance-related exercise
performance parallels the reduced aerobic capacity.

8. Altitude-related decrements in physiologic function
(e.g., reduction in maximum heart rate and stroke
volume) offset any beneficial effects of acclimati-
zation. This partly explains the inability to achieve
sea-level V

•
O2max values at altitude, even after ac-

climatization.
9. Despite certain altitude acclimatization adaptations

that should increase aerobic capacity and endurance
performance on return to sea level, research results
do not support such an effect. This probably results
from the altitude-related decrease in maximum heart
rate and maximum stroke volume.

10. Training at altitude provides no more benefit to
sea-level performance than equivalent training at
sea level.

11. Athletes benefit from periodically returning from
altitude to sea level for intense training to offset
any “detraining” from lower levels of exercise dur-
ing a prolonged altitude stay. 
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